We developed for Bacteria in environmental samples a sensitive and reliable mRNA fluorescence in situ hybridization (FISH) protocol that allows for simultaneous cell identification by rRNA FISH. Samples were carbethoxylated with diethylpyrocarbonate to inactivate intracellular RNases and pretreated with lysozyme and/or proteinase K at different concentrations. Optimizing the permeabilization of each type of sample proved to be a critical step in avoiding false-negative or false-positive results. The quality of probes as well as a stringent hybridization temperature were determined with expression clones. To increase the sensitivity of mRNA FISH, long ribonucleotide probes were labeled at a high density with cis-platinum-linked digoxigenin (DIG). The hybrid was immunocytochemically detected with an anti-DIG antibody labeled with horseradish peroxidase (HRP). Subsequently, the hybridization signal was amplified by catalyzed reporter deposition with fluorochrome-labeled tyramides. p-Iodophenylboronic acid and high concentrations of NaCl substantially enhanced the deposition of tyramides and thus increased the sensitivity of our approach. After inactivation of the antibody-delivered HRP, rRNA FISH was performed by following routine protocols. To show the broad applicability of our approach, mRNA of a key enzyme of aerobic methane oxidation, particulate methane monooxygenase (subunit A), was hybridized with different types of samples: pure cultures, symbionts of a hydrothermal vent bivalve, and even sediment, one of the most difficult sample types with which to perform successful FISH. By simultaneous mRNA FISH and rRNA FISH, single cells are identified and shown to express a particular gene. Our protocol is transferable to many different types of samples with the need for only minor modifications of fixation and permeabilization procedures.
One of the long-standing goals of environmental microbiology is to simultaneously ascertain the identity, activity, and biogeochemical impact of individual organisms in situ. For identification, fluorescence in situ hybridization (FISH) with rRNA-targeted probes is routinely used. To link a specific metabolic activity to the identity of a microorganism in situ, without introducing alterations due to incubation with tracers or substrates, it is necessary to detect either a key enzyme of a particular process or its mRNA. In situ hybridization (ISH) of mRNA sequences is a popular technique for studying gene expression in eukaryotic cells and tissues. Unfortunately, microbiology lacks stable protocols for in situ detection and quantification of gene expression in environmental samples.
Since the first ISH experiments (18) , mainly radioactive nucleotides have been used to synthesize probes (9) . The advantage of radiolabeled probes is their ability to detect very low levels of transcripts. The major limitations are poor spatial resolution and long exposure times for microautoradiography, depending on the radioisotope used and the amount of target molecules in the cell. More recently, the application of nonradioactively labeled nucleotides (e.g., biotin-UTP and digoxigenin [DIG]-UTP) considerably improved ISH (8, 21, 27) . Of all the nonradioactive labeling methods developed, DIG-based detection has proven to be the most appropriate for rare transcripts. Since DIG is synthesized only in plants of the genus Digitalis, background problems due to nonspecific antibody binding in cells of other organisms are avoided (8) .
In many mRNA ISH protocols, precipitating substrates are used for chromogenic detection of probes (5) . Recently, however, fluorescence-labeled tyramides proved to be considerably more sensitive for immunochemical detection systems (34, 35) . Catalyzed reporter deposition (CARD) has been applied to increase signal intensities in various immunochemical and FISH applications (23, 29, 33, 40) . Through the use of horseradish peroxidase (HRP), many tyramide molecules, preconjugated with either haptens or fluorescent reporters, are deposited in close vicinity to the HRP binding site, resulting in superior spatial resolution. In combination with HRP-labeled antibodies, the CARD-FISH method has the potential to detect low-abundance mRNAs, probably even a single copy (28, 29, 33, 40) .
Here we report an improved protocol for the simultaneous detection of mRNA and rRNA in environmental microorganisms. As a case study, we used the expression of pmoA, which encodes subunit A of particulate methane monooxygenase (pMMO). This is the first enzyme in the methane oxidation pathway, catalyzing the oxidation of methane into methanol. There are two distinct types of methane monooxygenase (MMO) enzymes: a soluble, cytoplasmic enzyme complex (sMMO) and membrane-bound pMMO. Virtually all methanotrophic Bacteria possess pMMO. pmoA is often used as a phylogenetic marker and as a marker for methanotrophy (22, 31, 32) . Copper ions have been shown to play a key role in regulating MMO expression. When the copper/biomass ratio is high, pMMO is expressed and sMMO expression is inhibited (22) . For inducible genes, such as the MMO genes, the pres-ence of the respective mRNAs is an indicator for an ongoing metabolic process. With a combination of mRNA FISH and rRNA FISH, key players of biochemical processes can be identified.
MATERIALS AND METHODS
Sample collection and preparation. Bathymodiolus azoricus specimens were collected in July 2001 at the northern Mid-Atlantic Ridge site Rainbow (36°13ЈN, 33°54ЈW; depth, 2,350 m). Gills were fixed in 4% (wt/vol) paraformaldehyde, dehydrated in increasing alcohol series and xylene, and embedded in paraffin. Paraffin sections of 4 m were cut and mounted on aminosilane-coated slides. To prevent mixing or loss of different solutions during hybridization and antibody reactions, each section was encircled with a thin film of a 1:1 mixture of silicone and toluene. After being air dried, the slides were kept at 4°C in the dark until further processing.
Sediment samples from the Baltic Sea were collected in March 2002 at Eckernförde in the Kiel Bight, at a water depth of 8 m, by using a multicorer. The upper 10 cm of the sediment was mixed with water from the same site (1:1), and the slurry was incubated for 4 weeks at 12°C with an air-methane headspace (80:20 [vol/vol]) on a rotary shaker at 80 rpm. Sediment samples were fixed in 2% (vol/vol) formaldehyde for 30 min at room temperature (RT), centrifuged, and washed once with phosphate-buffered saline (PBS) (pH 7.6) and twice with 50% ethanol in PBS. Cells then were resuspended in absolute ethanol and stored at Ϫ80°C until further processing.
Cultures of Methylocystis echinoides 10491 (14) were grown at 37°C on a rotary shaker (100 rpm) in NMS medium (38) supplemented with trace element solution SL10A (39) . In cultures used for the repression of pmoA expression, CuCl 2 was omitted from the trace element solution. Cultures were fixed in 2% (vol/vol) formaldehyde for 30 min at RT, centrifuged, and washed once with PBS and twice with 50% ethanol in PBS. Cells then were resuspended in absolute ethanol and stored at Ϫ80°C until further processing.
PCR amplification. Almost complete fragments of pmoA from B. azoricus symbionts, M. echinoides, and sediment samples were amplified from DNA extracts as described previously (6) . Templates for probe synthesis were PCR amplified with a T7 polymerase promoter on either the forward primer for the control probe or the reverse primer for the mRNA-targeted antisense probe. PCR conditions were the same as those described above. Amplicons were precipitated, and the correct length of 450 nucleotides was checked on a 1.5% (wt/vol) agarose gel. Concentrations of T7 templates were determined photometrically (NanoDrop Technologies, Rockland, Del.).
Cloning and expression of pmoA. pmoA from B. azoricus symbionts was cloned and expressed by using vector pBAD according to the manufacturer's instructions (Invitrogen, Karlsruhe, Germany). Overnight cultures of Escherichia coli Top10 were diluted 1:100 and grown for 2 h at 37°C. Cells were induced with 0.2% L-arabinose for 3 h and subsequently fixed and stored as described above. pmoA amplicons from sediment samples were cloned (TOPO TA; Invitrogen) and sequenced (ABI Prism 3100 genetic analyzer; Perkin-Elmer, Boston, Mass.) for phylogenetic analysis.
Processing. All of following steps were performed with either RNase-free plasticware or baked glassware. Water and buffers were treated with 0.1% (vol/ vol) diethylpyrocarbonate (DEPC; Sigma, Taufkirchen, Germany) and then autoclaved.
Probe synthesis. Probes for pmoA from B. azoricus symbionts and M. echinoides and a probe mixture targeting different pmoA mRNAs from sediment bacteria were synthesized under the following conditions. The transcription reaction mixture (30 l) was mixed in the following order: 8 l of RNase-free water, 3 l of 10 ϫ nucleotide mixture (10 mM ATP, 10 mM CTP, 10 mM GTP, 10 mM UTP), 3 l of dithiothreitol (100 mM), 3 l of 10ϫ transcription buffer (400 mM Tris-HCl [pH 8.0], 60 mM MgCl 2 , 20 mM spermidine), 10 l of T7 template DNA (100 ng l Ϫ1 ), and 3 l of T7 polymerase (50 U l Ϫ1 ; Epicentre, Madison, Wis.). This mixture was incubated at 37°C for 2 h. To remove the template DNA, 1 l of RNase-free DNase (1 U l Ϫ1 ; Epicentre) was added, and the mixture was incubated at 37°C for another 15 min and subsequently purified by precipitation. The length of the transcript was checked on a 1.5% (wt/vol) agarose gel. The concentration was determined photometrically.
Transcripts were chemically labeled with cis-platinum-linked DIG (DIGChem-link; Roche Diagnostics, Mannheim, Germany) by following the manufacturer's recommendations with one modification: the reaction temperature was decreased to 75°C to reduce probe hydrolysis. Alternatively, probes can be labeled with DIG-UTP during the transcription reaction. In that case, the following nucleotide mixture must be used: 10 mM ATP, 10 mM CTP, 10 mM GTP, 3.5 mM DIG-UTP, and 6.5 mM UTP. Purification and determination of the concentrations of the probes were done as described above. Polyribonucleotide probes were diluted with deionized, particle-free water (MilliQ; Millipore, Eschborn, Germany) to a concentration of 10 ng l Ϫ1 . Ten-microliter portions were stored at Ϫ80°C until use. Figure 1 shows an overview of probe synthesis.
Pretreatment of tissue sections. B. azoricus gill sections were dried at 58°C for 20 min and then deparaffinized through successive baths of xylene (three times for 5 min each time), 96% ethanol (two times for 5 min each time), and 70% ethanol (once for 5 min). For carbethoxylation and inactivation of endogenous RNases, slides were treated with freshly prepared 0.1% (vol/vol) active DEPC in PBS for 12 min at RT with gentle mixing and then rinsed with PBS and MilliQ water for 1 min each. To allow penetration of detection molecules (probes and antibodies), the tissue was digested with proteinase K (7 g ml Ϫ1 ) (from Tritirachium album; 30 mAnson U mg Ϫ1 ; Merck, Darmstadt, Germany) in 50 mM Tris-HCl-5 mM EDTA (pH 8) (TE) for 15 min at RT. Slides then were washed three times in MilliQ water for 1 min each time, dehydrated in 70 and 96% ethanol for 1 min each, air dried, and processed for FISH.
Pretreatment of sediment and pure cultures. Quantities of 2 to 10 l of sediment, M. echinoides cultures, or pmoA clones were spotted on slides (Superfrost Plus; Menzel, Braunschweig, Germany) in fields encircled with a siliconetoluene mixture. Slides were dried at 46°C, covered with 0.1% (wt/vol) agarose (MetaPhor; Bioproducts, Rockland, Maine), dried at 46°C, dehydrated in absolute ethanol for 1 min, and dried at RT.
To reduce background fluorescence, slides with sediment samples were covered with 1 ml of 0.2 M HCl and incubated at RT for 10 min. Slides then were washed in 50 ml of PBS and carbethoxylated by incubation in 50 ml of freshly prepared 0.1% (vol/vol) DEPC in PBS for 12 min at RT; the latter was removed by washing in PBS and MilliQ water for 1 min each. Cells were digested with highly purified lysozyme (5 mg ml Ϫ1 ) (from chicken egg white; nuclease free; Sigma) in TE for 30 min at RT by pipetting 1 ml of lysozyme solution onto the slides. Lysozyme then was washed off with 50 ml of MilliQ water. Sediment samples were treated with proteinase K (1 g ml Ϫ1 ) in TE for 15 min at RT as described before. Slides then were washed three times in MilliQ water, washed once in absolute ethanol, dried, and processed for FISH.
Cultures were carbethoxylated and treated with lysozyme as described before. Proteinase K digestion was omitted.
FISH of mRNA. A step-by-step protocol for mRNA FISH is shown in Table 1 . Slides were covered with 100 l of hybridization buffer, containing 50% (vol/vol) formamide, 2ϫ SSC (1ϫ SSC is 15 mM sodium citrate plus 0.15 M sodium chloride), 10% (wt/vol) dextran sulfate, 1% (wt/vol) blocking reagent (Boehringer, Mannheim, Germany), Denhardt's solution (Sigma), yeast RNA (0.2 mg ml Ϫ1 ; Ambion, Huntington, United Kingdom), and sheared salmon sperm DNA (0.2 mg ml Ϫ1 ; Ambion). Slides were placed in a chamber humidified with 50% (vol/vol) formamide-2ϫ SSC and prehybridized for 60 min at 58°C. A total of 100 l of hybridization buffer was mixed with 50 ng of transcript probe and FISH OF mRNA AND rRNA 5427 incubated for 5 min at 80°C in order to denature the probe. The probe mixture was added to the prehybridized preparations to obtain a probe concentration of 250 ng ml Ϫ1 . Slides were hybridized overnight at 58°C and then washed in 1ϫ SSC-50% (vol/vol) formamide at 58°C for 1 h and in 0.2ϫ SSC-0.01% (wt/vol) sodium dodecyl sulfate (SDS) at 58°C for 30 min. Slides were blocked in PBS-0.5% blocking reagent for 30 min at RT and then incubated with an anti-DIG-HRP antibody (0.75 U ml Ϫ1 ; Fab fragments; Roche) in PBS-1% (wt/vol) blocking reagent for 1 h at 37°C. Unbound antibody was removed by three washes in PBS for 10 min each. The antibody was detected by incubation with fluoresceinlabeled tyramide (0.25 to 0. . p-Iodophenylboronic acid (IPBA) was added to the tyramide solution (20 mg of IPBA per 1 mg of tyramide in dimethylformamide) to further enhance CARD (3). All tyramides were custom labeled as described previously (24) . Slides were washed in PBS for 3 min and three times with MilliQ water for 1 min each time. For subsequent microscopy, preparations were dehydrated with 50% ethanol and absolute ethanol and then dried.
FISH of 16S rRNA. For subsequent 16S rRNA hybridization with HRPlabeled oligonucleotide probes, the anti-DIG-HRP antibody was inactivated by incubation with 0.01 M HCl for 10 min at RT. Preparations were washed with PBS and MilliQ water. FISH with HRP-or fluorochrome-labeled oligonucleotide probes was performed as described previously (24, 25) . For 16S rRNA FISH of sediment, we used probe EUB338 I-III (7) for the detection of Bacteria, probe ALF968 (10) for the detection of ␣-Proteobacteria, probe Gam42a (20) for the detection of ␥-Proteobacteria, and probe MTMC701 (4) for detection of the ␥-proteobacterial methylotrophic genera Methylomonas, Methylobacter, Methylococcus, and Methylomicrobium. All probes were HRP labeled and detected with Alexa 546 -labeled tyramide. For 16S rRNA FISH of B. azoricus symbionts, we used Cy5-labeled probe Baz_meth_845I for methanotrophic symbionts and Cy3-labeled probe Baz_thio_193 for thiotrophic symbionts (C. Bergin and N. Dubilier, unpublished data).
Microscopic evaluation. Spotted cells and tissue sections were covered with 4Ј,6Ј-diamidino-2-phenylindole (DAPI)-amended mounting solution and evaluated on a Axioplan II microscope (Carl Zeiss, Jena, Germany) equipped with an HBO 100-W Hg vapor lamp, with appropriate filter sets for Cy3 and Alexa 546 (Chroma, Brattleborough, Conn.), fluorescein and Alexa 488 (Zeiss09; Zeiss), and DAPI (Zeiss01; Zeiss) fluorescence, and with ϫ40, ϫ64, and ϫ100 Plan Apochromat objectives. Images of triple hybridizations of B. azoricus gills and double hybridizations of sediment were taken with a confocal laser scanning microscope (LSM510; Zeiss, Göttingen, Germany) equipped with helium and neon lasers (633 and 543 nm) and an argon laser (488 nm).
RESULTS AND DISCUSSION
The success of ISH for mRNAs depends strongly on the integrity of the target mRNAs in the cell. Another requirement is a powerful reporter system capable of revealing small numbers of probe-mRNA hybrids while keeping background staining as low as possible. Variables that influence the sensitivity and reproducibility of the ISH technique include (i) the effects of cell fixation on target mRNA preservation and accessibility to probes, (ii) the type and the quality of probes, (iii) the efficiency of hybrid formation, (iv) the stability of hybrids formed in situ during posthybridization treatments, (v) the method of detection of hybrids, and (vi) background noise masking the hybridization signal. A step-by-step-protocol op- timized for the detection of pmoA mRNA is shown in Table 1 .
Here we describe and discuss variables that had to be optimized. Sample pretreatment. Major problems with in situ detection of mRNA are a low abundance of target molecules (usually there would be fewer than 100 copies of a particular mRNA) and their degradation by intracellular RNases. Acetylation has been recommended for the majority of mRNA ISH protocols to inactivate RNases and to decrease the background signal (12) . More recently, Braissant and Wahli (5) introduced carbethoxylation of tissue sections by DEPC treatment. Carbethoxylation irreversibly inactivates RNases, which otherwise might be reactivated under renaturation conditions, e.g., during digestion with proteinase K. Since carbethoxylation is also easier to perform than acetylation, we chose DEPC treatment for our protocol. As in the study by Braissant and Wahli (5), DEPC treatment led to stronger and more consistent hybridization signals. A time series of DEPC treatment was performed, and 12 min of incubation at RT was found to be optimal (data not shown).
Hybridization temperature. The specific hybridization temperature used depends on the length and the complexity of probes. A clone expressing pmoA of B. azoricus symbionts was hybridized at 50, 54, 58, and 62°C with the respective sense and antisense pmoA probes as well as the sense and antisense pmoA probes for sediment methanotrophs. Very low hybridization signals were observed with both control probes at 50 and 54°C. At 58°C, the signal of the control probes disappeared completely, whereas the signal of both antisense probes remained high even at a hybridization temperature of 62°C (shown for symbiont pmoA in Fig. 2 ). All hybridizations were therefore performed at 58°C.
Controls. For the detection of gene expression in environmental microorganisms, at least two controls are needed. (i) The specificity of a probe for induced and noninduced target organisms must be shown. This option might often be unavailable for microorganisms in environmental samples. Instead, the probe must be tested with induced and noninduced expression clones. A similar strategy was recently described for the optimization of hybridization temperatures for rRNA-targeted oligonucleotide probes for uncultured Bacteria (26) . (ii) A control probe which is the reverse complement to the antisense probe must be used for all hybridizations of environmental samples. This control is needed to ensure that the signal obtained by the antisense probe is due to hybridization and not due to "sticking" of the probe to any kind of material in the sample.
The ␣-proteobacterial methylotroph M. echinoides was grown with or without copper in the medium to favor or repress pmoA expression. It is known that copper is a cofactor of pMMO (14) . In the presence of copper depletion, many methylotrophic Bacteria down-regulate pmoA mRNA expression but up-regulate sMMO. As expected, M. echinoides cells grown with copper showed strong fluorescence with the respective pmoA mRNA antisense probe, whereas cells grown without copper showed only a very low hybridization signal (Fig. 3) .
The specificity of the pmoA mRNA antisense probe for B. azoricus symbionts was tested with an expression clone. Antisense probes showed strong hybridization signals (Fig. 4a) , whereas no signals were observed in uninduced cells (Fig. 4b) . This expression clone was also used to test the pmoA mRNA probes for sediment methanotrophs, which were also positive in induced cells (Fig. 4c) and negative in uninduced cells (Fig.  4d) . These results imply that pmoA of B. azoricus symbionts is closely related to pmoA sequences in the sediment samples. The antisense probe for pmoA mRNA of M. echinoides did not hybridize with this expression clone.
Cell fixation and permeabilization. The extent of fixation and the extent of permeabilization are very important considerations (40) . Formaldehyde is a cross-linking fixative most appropriate for ISH of tissues and cell suspensions. However, overfixation can inhibit the penetration of probes and antibodies (5). We used different fixatives for gill tissues (4% paraformaldehyde) and cell suspensions (2% formaldehyde).
Upon fixation with formaldehyde, cell permeabilization is required to enhance probe penetration and hence the strength of the hybridization signal. Cell permeability that is too low can lead to false-negative or even false-positive results (Fig. 5a to   FIG. 2 . Hybridization of an E. coli clone expressing pmoA of B. azoricus symbionts with a pmoA antisense probe (upper panels) and a pmoA control probe (lower panels) at different hybridization temperatures: 50°C (a), 54°C (b), 58°C (c), and 62°C (d). Bar, 10 m.
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FISH OF mRNA AND rRNA 5429 j). However, overdigestion must also be avoided, since it results in the loss of target molecules, poor cell morphology, or even the loss of cells. In order to ensure the diffusion of transcript probes and antibodies into target cells and to prevent the diffusion of mRNA out of the cells, it is necessary to test different fixation and permeabilization procedures in order to find the optimum for the respective type of sample. For optimization of permeabilization, sediment and pure cultures were treated with lysozyme (5 mg ml Ϫ1 ) for 15 and 30 min. Also, mild digestion with proteinase K (0.01 to 2 g ml Ϫ1 ) was tested, either after lysozyme treatment or alone. Pure cultures showed the best hybridization signals after 30 min of lysozyme treatment (data not shown); proteinase K digestion did not improve mRNA FISH signal intensities and was therefore omitted. Hybridization of pmoA mRNA in sediment showed the brightest signals with the antisense probe after 30 min of lysozyme treatment followed by digestion with proteinase K at 1 g ml Ϫ1 (Fig. 5c) . In suboptimally permeabilized sediment, false-positive signals were observed (Fig. 5d) . Background fluorescence compromised the detection of pmoA-expressing cells in sediment and was even present when probes were omitted during hybridization and no antibody was used. It is possible that endogenous peroxidases were reactivated during posthybridization washes. Therefore, the sediment was washed with different HCl concentrations (0.01 to 0.5 M) for 10 min at RT. A concentration of 0.2 M HCl was found to be optimal (data not shown). However, hydrolysis of mRNA due to acid treatment must be taken into consideration.
For sections of B. azoricus gills, a proteinase K concentration series ranging from 0 to 10 g ml Ϫ1 was performed (Fig. 5g to  j) , and 7 g ml Ϫ1 was found to be optimal. Lower proteinase K concentrations resulted in a very low signal with the antisense probe and a background signal with the control probe. Higher proteinase K concentrations caused a loss of hybridization signals and background fluorescence in the host tissue.
ISH. Hybridization buffers contain reagents to maximize nucleic acid duplex formation and inhibit nonspecific binding of probes. Formamide was used to lower the optimal hybridization temperature to minimize cell damage and encourage specific probe binding. Formamide is also a nuclease inhibitor and allows the salt concentration to be adjusted to physiological osmolarity. Detergents such as SDS and heterologous nucleic acids inhibit background signals due to charge or nonspecific interactions with nucleic acids. Prehybridization without a probe in the hybridization buffer proved to be crucial to avoid high background fluorescence (5, 30, 40) .
Several approaches can increase the hybridization rate. The probe concentration should be in excess of the target mRNA concentration, resulting in a "probe-driver" condition. However, a probe concentration that is too high can result in an unacceptably high background signal. Different probe concentrations (0.01 to 1,000 ng ml Ϫ1 ) were tested. A concentration of 250 ng ml Ϫ1 was found to be optimal (data not shown). Dextran sulfate was included in the buffer as a high-molecularweight "volume-excluding" polymer, in effect concentrating the probe into a smaller physical space and therefore increasing the hybridization rate (16, 37) .
Probes and probe labeling. The labeling of transcript probes also influences the quality of hybridization. Significantly more DIG can be incorporated into the probe (1 in 15 nucleotides) (13) by using chemical labeling with platinum-linked DIG than by using enzymatic labeling (1 in 25 nucleotides) (15) . We therefore used chemically labeled probes in this study. Oligonucleotide probes combined with CARD are sometimes used to detect mRNAs in cell cultures and tissues (30) . We tested this approach and found that the sensitivity and the signal-to-noise ratio were much lower than those of mRNA FISH with long transcript probes (data not shown). Another argument against the use of oligonucleotides for the in situ detection of mRNA in environmental samples is that short probes might hybridize to other mRNAs. Since environmental genomics is still in its infancy, we cannot predict the specificity of a highly sensitive mRNA FISH approach with oligonucleotide probes. Therefore, the use of transcript probes is recommended. It is very unlikely that a transcript probe will hybridize to mRNA that is not closely related to the target mRNA.
Immunocytochemical analysis. To test for nonspecific antibody binding, sediment samples were hybridized without a probe. Different blocking reagent concentrations (0.5, 1, and 3%) and different blocking times (30 min to 15 h) at RT and 4°C were tested. We found that 0.5% blocking reagent in PBS and 30 min of blocking time at RT were sufficient (data not shown).
Different antibody concentrations from 1.5 to 0.15 U ml
Ϫ1
were tested. A decrease in the FISH signal intensity was observed at concentrations below 0.75 U ml Ϫ1 . At higher concentrations, prolonged washing was required to remove excess antibody (data not shown). Therefore, a concentration of 0.75 U ml Ϫ1 was used for subsequent immunochemical detection. For CARD, different amplification buffers and tyramides were tested. A commercial fluorescein-labeled tyramide signal amplification kit (TSA plus; Perkin-Elmer) gave lower FISH signal intensities than custom fluorescein-labeled tyramide in PBS (pH 7.6)-0.0015% H 2 O 2 (data not shown). IPBA and high concentrations of NaCl enhance the deposition of some fluorescence-labeled tyramides by HRP (3). Each enhancer (2.2 M NaCl and 20 mg of IPBA per 1 mg of tyramide) as well as the combination of both was tested for all tyramides used. Substantial increases in FISH signal intensities for fluorescein-, Alexa 488 -, and Alexa 546 -labeled tyramides were observed. Background fluorescence could be decreased by the addition of 0.1% blocking reagent and 10% dextran sulfate to the amplification buffer. The combination of enhancers, a low concentration of custom-labeled tyramide, dextran sulfate, and blocking reagent during the amplification reaction increased the signal-to-noise ratio (data not shown).
Simultaneous mRNA FISH and rRNA FISH. Using a combination of mRNA FISH and 16S rRNA FISH, we could show that the pmoA antisense probe specifically hybridized only with the methanotrophic symbionts in B. azoricus gills (Fig. 5k) .
In sediment samples, methanotrophic ␥-proteobacteria were enriched during incubation with methane, as revealed by 16S rRNA FISH with probe MTMC701, targeting Methylomonas, Methylobacter, Methylococcus, and Methylomicrobium. A BLAST (1) search for pmoA sequences derived from sediment DNA showed that most sequences (43 out of 49) were closely related to Bathymodiolus symbiont pmoA (about 90% sequence similarity), explaining why the heterologous pmoA mRNA antisense probe for sediment methanotrophs also targeted B. azoricus symbiont pmoA. The remaining sequences were more closely related to pmoA of Methylobacter and Methylococcus species (data not shown).
In sediment samples, all cells hybridizing with the pmoA antisense probe could be simultaneously hybridized with a probe targeting the 16S rRNA of Bacteria (data not shown). Many cells hybridizing with the pmoA antisense probe also hybridized with probe MTMC701 (Fig. 5l) , showing that the majority of pmoA-expressing cells belonged to methylotrophic ␥-proteobacteria.
Based on 16S rRNA analysis, the closest relatives of the methanotrophic symbionts of B. azoricus are Methylobacter and Methylomonas species (Bergin and Dubilier, unpublished), which were enriched during incubation of sediment samples with methane. pmoA sequences of Methylobacter, Methylomonas, and Methylococcus species are more closely related (nucleic acid similarity, 80%) to each other than to species of Methylocystis (nucleic acid similarity, 64%), an ␣-proteobacterial methylotroph (6) . Due to low sequence similarity, the probe targeting pmoA mRNA of B. azoricus symbionts did not hybridize with M. echinoides cells (data not shown). In sediment samples, no ␣-proteobacteria could be detected by rRNA FISH, and no cells hybridized with the antisense probe for M. echinoides pmoA mRNA.
Ludwig et al. (19) used transcript probes (250 nucleotides) to target the 23S rRNA in bacterial pure cultures. In this study, the threshold of mismatch discrimination was found to be between 85 and 78% sequence similarity. However, the specificity of transcript probes strongly depends on the hybridization conditions, and fine-tuning of probe specificity should be done when discrimination between closely related target sequences is needed.
The presence of a pmoA mRNA FISH signal directly proves transcription of the respective gene and strongly supports the presence of active methanotrophic bacteria. However, the intensity of the FISH signal will at best provide semiquantitative information on the number of target molecules per cell. Several factors other than the amount of mRNA influence the FISH signal intensity. Immunodetection of hapten-labeled probes and tyramide signal amplification depends not only on the concentration of target molecules but also on the quality of the antibody as well as on the concentration and labeling of the tyramide. Furthermore, the amount of mRNA is not directly correlated with the amount or activity of the enzyme.
Few protocols have been introduced for FISH of mRNA in pure cultures (2, 11, 36) . Wagner et al. (36) could detect high-copy-number mRNA in Listeria and combined that with 16S rRNA hybridization. Hurek et al. (17) detected nifH expression in an Azoarcus sp. growing in kallar grass by using transcript probes for hybridization. However, a true negative control was not used, since the control probe had a higher complexity and therefore a higher melting temperature than the antisense probe. Bakermans and Madsen (2) performed mRNA FISH for bacteria from contaminated groundwater. In that study, oligonucleotide probes were used and hybridization signals were close to background levels.
We present a sensitive and reliable FISH protocol that allows for the simultaneous detection of mRNA and rRNA in bacteria from different environmental samples. The only parameters that need to be adjusted for each sample type are fixation and permeabilization of target cells. 5432 PERNTHALER AND AMANN APPL. ENVIRON. MICROBIOL.
